Heavy metal surface alloys represent model systems to study the correlation between electron scattering, spin-orbit interaction, and atomic structure. Here, we investigate the electron scattering from the atomic steps of monolayer BiAg 2 on Ag(111) using quasiparticle interference measurements and density functional theory. We find that intraband transitions between states of opposite spin projection can occur via a spin-flip backward scattering mechanism driven by the spin-orbit interaction. The spin-flip scattering amplitude depends on the chemical composition of the steps, leading to total confinement for pure Bi step edges, and considerable leakage for mixed Bi-Ag step edges. Additionally, the different localization of the occupied and unoccupied surface bands at Ag and Bi sites leads to a spatial shift of the scattering potential barrier at pure Bi step edges. The spin-orbit interaction (SOI) can dramatically influence electron scattering on the surface of crystalline compounds. A most striking consequence is the quenching of backscattering, which arises from the entanglement between the spin and crystal momentum in the surface states of topological insulators and other two-dimensional systems [1] [2] [3] . The absence of backscattering makes an electric current less sensitive to defects and facilitates the generation of spin currents, which is attractive for applications in spintronics [4] [5] [6] [7] .
Heavy metal surface alloys represent model systems to study the correlation between electron scattering, spin-orbit interaction, and atomic structure. Here, we investigate the electron scattering from the atomic steps of monolayer BiAg 2 on Ag(111) using quasiparticle interference measurements and density functional theory. We find that intraband transitions between states of opposite spin projection can occur via a spin-flip backward scattering mechanism driven by the spin-orbit interaction. The spin-flip scattering amplitude depends on the chemical composition of the steps, leading to total confinement for pure Bi step edges, and considerable leakage for mixed Bi-Ag step edges. Additionally, the different localization of the occupied and unoccupied surface bands at Ag and Bi sites leads to a spatial shift of the scattering potential barrier at pure Bi step edges. The spin-orbit interaction (SOI) can dramatically influence electron scattering on the surface of crystalline compounds. A most striking consequence is the quenching of backscattering, which arises from the entanglement between the spin and crystal momentum in the surface states of topological insulators and other two-dimensional systems [1] [2] [3] . The absence of backscattering makes an electric current less sensitive to defects and facilitates the generation of spin currents, which is attractive for applications in spintronics [4] [5] [6] [7] .
The effect of the SOI at the surface, where the spatial inversion symmetry is broken, can be qualitatively modeled by the Rashba-Bychkov Hamiltonian. This model predicts fully in-plane, chirally polarized surface states [8, 9] . Although conventional Rashba-type paradigmatic examples exist, such as Au(111) [9, 10] , the spin texture in real materials is, in general, more complex. A strong in-plane scattering by the periodic crystal lattice leads to an entangled spin-orbital structure of the Bloch states with a finite out-of-plane spin component [11] and, at the same time, reduces the spin polarization in the k ∥ × z direction (z: perpendicular to surface plane) [12] . These deviations from the Rashba-type spin texture must be taken into account for the correct understanding of the scattering mechanism in real solids [13] .
Far from the conventional Rashba-type system, heavy element (X), ordered XAg 2 surface alloys grown on Ag(111) represent an ideal case to study the effect of the spin texture on electron scattering. Out-of-plane spin components have been observed in these alloys [12] , for which theory predicts a complex in-plane spin texture of varying polarization that substantially deviates from the conventional Rashba spin splitting [14, 15] . Previous investigations of the BiAg 2 alloy showed evidence of electron backscattering for both the occupied and unoccupied surface bands [16, 17] . However, these results were interpreted in the framework of spin-conserving scattering within fully spin-polarized Rashba-type bands, disregarding the radically different spin texture described by ab initio band structure calculations, where the spin polarization of each branch of the unoccupied band is significantly less than 100% and of opposite sign [see Fig. 3(a) ]. With this spinorbit texture, a new SOI-driven spin-flip mechanism can emerge, as recently suggested [18] .
In this Letter, we provide experimental evidence of SOIdriven spin-flip scattering from monoatomic steps of the BiAg 2 surface alloy. By analyzing the quasiparticle interference (QPI) patterns produced by atomically straight steps with different concentrations of Ag and Bi atoms, we quantify the transmission and reflection coefficients for electrons impinging on heterogeneous scatterers. Additionally, we find that the stronger SOI at the heavy metal sites and the element-specific localization of the occupied and unoccupied surface states lead to substantial differences in the scattering amplitudes and phase shifts.
The experiments were performed using a scanning tunneling microscope (STM) operated at 5 K in ultrahigh vacuum. The Ag(111) single crystal was cleaned by cycles PRL 114, 166801 (2015) PHYSICAL REVIEW LETTERS week ending 24 APRIL 2015 0031-9007=15=114(16)=166801 (5) 166801-1 © 2015 American Physical Society of Ar þ bombardment and annealing at 800 K. The BiAg 2 surface alloy was grown in situ by evaporating 1=3 of a monolayer of Bi from a Knudsen cell with the sample kept at 400 K and at a pressure p<2 × 10 −10 mBar. Spectroscopic (STS) measurements were performed by using the lock-in technique, with a bias voltage modulation of frequency 3 kHz and amplitude 3 mV rms . The spin and orbital texture of one side of a structurally relaxed, symmetric ffiffi ffi 3 p × ffiffi ffi 3 p BiAg 2 =Agð111Þ film is analyzed based on density functional theory using the generalized gradient approximation and full-potential linearized augmented plane-wave method, as described in Ref. [14] . We investigated scattering from two different step types, perpendicular to the ΓM and ΓK directions, labeled as A and B hereafter. A steps have the highest density of Bi atoms and follow the close-packed direction of the surface alloy. This is the preferred step direction on this surface. To study scattering from B steps, we deliberately crashed the surface with the STM tip. Dislocation lines created by the crash propagate along the close-packed direction of bulk Ag, rotated by 30°with respect to that of the surface alloy, and appear on the surface as straight, kinkless steps. Figure 1 (a) shows a topographic image with the two types of steps. Since only Bi atoms are imaged by STM [19] , the atomic resolution allows us to resolve the composition of each step edge, as depicted in the schematic models in Fig. 1(b) .
The scattering vectors qðEÞ are obtained from the periodicity of QPI patterns by performing the spatial Fourier transformation (FT) of a set of dI=dV spectra (FT-STS) acquired in the direction perpendicular to the steps. For bands with circular isoenergy contours such as those of BiAg 2 , QPI are dominated by 180°backscattering events, and hence, the wave vectors q ¼jk f − k i j can be directly assigned to transitions between initial and final states (k i;f ) in the direction perpendicular to the steps. Figure 2(a) shows an example of a set of spectra acquired along a line crossing two A steps, indicated on the top image. The dI=dV intensity, plotted in color scale, has been normalized by subtraction of a reference spectrum acquired away from scatterers in order to enhance the interference features [20, 21] . In terraces larger than the electron coherence length, the QPI patterns arising from the occupied and unoccupied BiAg 2 bands form Friedel-like oscillations in the continuum density of states (DOS). This is shown in the left terrace of Fig. 2(a) . In smaller terraces the QPI are quantized due to the coherent scattering from steps at both sides, as shown in the center and right terraces in Fig. 2(a) . The two q branches identified in the FT-STS of Fig. 2(b) , one for each surface band, are labeled D 1 and D 2 in agreement with those measured in Ref. [16] . The q vectors are then compared to transitions within the calculated band structure by linking pairs of initial and final states, as shown in Fig. 2(c) [24] . The agreement between q vectors and intraband transitions within both unoccupied and occupied bands indicates that this is the main scattering channel.
Figure 2(c) shows that, in the energy range of the unoccupied band, the q vectors connect states within the same band but opposite spin polarization. These intraband transitions would be forbidden if the states were fully spinpolarized and if no spin-flip scattering processes were allowed [25] . The spin and orbital decomposition of the calculated band structure, however, reveals a more complex scenario. The spin-polarization of the states in the unoccupied BiAg 2 band is, at most, 75%, as shown in Fig. 3(a) . The reduced spin polarization is not accompanied by a significant out-of-plane spin component, but results from a mixture of oppositely in-plane polarized p x and p y orbitals. This is shown in Fig. 3(b) in real space and in Fig. 3(c) in k space. Mixing the orbital character is facilitated in the scattering process by the spin-orbit interaction term L · S, which allows electron scattering from a p y orbital with spin in the þx direction into a p x orbital with spin in the −x direction [27, 28] . The electron reflection from the step, therefore, involves the scattering between p x and p y orbitals of opposite spin. Similar orbital decompositions have been observed in the BiCu 2 [15] and PbAg 2 [18] , suggesting that spin-flip scattering is a general feature of these surface alloys.
The comparison of QPIs formed by scattering at steps with different chemical composition provides us with an atomistic picture of the SOI-driven intraband scattering mechanism. The different intensity of simultaneously mapped QPI patterns arising from the two step edge types already indicates different scattering properties of A and B steps [21] . A more quantitative analysis of the scattering coefficients is carried out by fitting the spatial modulation of the quantized QPI formed in the smaller terraces with Fabry-Pérot resonances [21] . Reflection coefficients and phase shifts, which are univocally related to transmission, can be directly extracted from this fit.
We first focus on how the states in the same band scatter differently from each step type, as can be observed in Fig. 4(a) . Figure 4(b) shows the case of the N ¼ 2 resonance of the unoccupied band in this terrace. For the fit we use, m eff ¼ −0.16m e and E 0 ¼ 731 meV, obtained from the analysis of spectra acquired away from scatterers [21] . The region close to the steps is excluded from the fit due to the strong contribution of edge-related features [see Fig. 2(a) ]. Outside this region, the experimental data nicely fit the Fabry-Pérot intensity for both step types. The resulting scattering coefficients are listed in Table I . Here, we comment on the asymmetry factor R as ¼ ðr l − r r Þ=ðr l þ r r Þ, instead of the single reflection coefficients, which are more sensitive to fitting procedures. The small deviations found for R as and ϕ l=r for varying prefactor (ρ s =π) values, listed in Table I , are indicative of the robustness of the fit [21] . For A steps, the reflection is strongly asymmetric, being larger in the downwards step direction (r l >r r ). In contrast, a rather symmetric phase shift close to AEπ indicates that transmission is negligible at both sides. These results are similar to those reported for the Ag(111) surface state [20, 23] . The results for B steps, however, are strikingly different. Both reflection and phase shift are symmetric, but ϕ l=r strongly deviate from π, the value characterizing infinite barriers. This is an indication of a substantial transmission across B steps.
Next, we compare how states from the occupied and unoccupied bands scatter from the same step type. The spatial distribution of resonances of the occupied band deviate more strongly from the LDOS of the Fabry-Pérot model, probably due to the proximity of bulk Ag states [29] . Hence, we limit our analysis to the quantification of lateral shifts of the spatial distributions by comparing the position of the maxima of the N ¼ 2 resonance in each band. For A-type resonators, the maxima are shifted by Δ ¼ 3 AE 1 Å to the right. We find similar values, within the error bar, for terrace sizes ranging from 70 to 179 Å, thereby excluding any effect related to an asymmetric transmission, which should be proportional to L [23] .I n contrast, the resonances of the occupied and unoccupied bands are aligned at the center of B-type resonators. A similar analysis with the N ¼ 1 resonances leads to the same conclusions [21] . We attribute the different scattering behavior of each step type to the element-specific localization of wave functions on the BiAg 2 bilayer, as shown in Fig. 4(c) by the depth profile of the density of occupied and unoccupied surface states. Unoccupied states are strongly localized on the Bi plane, whereas occupied states are mainly on Ag.
This makes electrons sensitive to the chemical composition of the steps.
For the unoccupied states, their localization on the heavy Bi atoms favors the L · S perturbation required for the spin flip scattering, making this SOI-driven scattering mechanism more efficient in barriers with higher concentration of Bi atoms (A steps) than in the regions where Bi and Ag are mixed (B steps) . This suggests a connection between the SOI strength in the scattering region and the probability of backscattering that is consistent with the phase shifts reported in Table I . The situation is qualitatively different for the occupied states, which are localized more on the Ag side of the surface alloy and have a different orbital character. In this case, spin conserving scattering can account for the observed intraband transitions [see Fig. 3(c) ].
The localization of occupied and unoccupied states in different elements leads to an additional effect: if pure Bi and Ag atomic rows alternate parallel to the steps, as in the case of A steps, the step potential barrier for each band will appear laterally shifted by one atomic row, in agreement with the data in Fig. 4(b) . We note that the observed shift of the occupied resonance towards the direction of the upward step indicates that the first atomic row at the A-step edge is composed of Bi atoms, as schematically represented in Fig. 4(b) ,a n di n agreement with the step edge structure proposed in Fig. 1(b) . Here, we discard any effect related to the different spin and orbital composition of the two bands, since these are isotropic, and hence, similar effects should be expected in both types of resonators (see Fig. S6 in Ref. [21] ).
In summary, we identified a backscattering spin-flip mechanism that is not predicted in the usual framework of Rashba-type surface states. This involves the scattering between p orbitals with opposite spin polarization, and is induced by the same SOI that gives rise to the entangled spin-orbital texture of the surface states. This scattering mechanism is highly sensitive to the chemical composition of the step edges due to the different degree of localization of the occupied and unoccupied electronic wave functions on Ag and Bi sites. By utilizing parallel steps as FabryPérot resonators, we derived the scattering coefficients for different step types and found that spin-flip scattering can lead to total confinement for pure Bi step edges, but considerable leakage for mixed Bi-Ag step edges. Fig. 4(b) . The error represents variations in the fit series of Fig. S3 [21] . The center of the terrace (x c ) and step edges are indicated by black and green vertical dashed lines, respectively. The step direction, atomic arrangement, and potential barriers are sketched on top. (b) DOSðzÞ integrated over the z ¼ constant plane parallel to the surface for the two surface states, calculated using the method of Ref. [30] .
The correlation of the scattering properties with the atomic scale chemical composition of the steps allows us to set a connection between the SOI strength in the scattering region and the probability of backscattering. We also show that the respective localization of occupied and unoccupied bands on the Ag and Bi planes of the BiAg 2 bilayer leads to shifted element-specific potential barriers for steps consisting of alternate Bi and Ag rows. These results can be generalized to other heterogeneous heavy metal compounds with strong Rashba interaction, and are relevant for engineering electron confinement in these materials.
